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ABSTRACT 


An  experimental  Investigation  of  the  flew  field,  and  the  model  pressure  and 
sUady-state  heat  transfer  distributions  for  a  rearward-facing  step  In  super¬ 
sonic  flow  is  described,  Tests  were  conducted  using  a  water-cooled  model  with 
a  step  height  adjustable  to  0.^3  and  0.750  inches  at  free  stream  Ifetch  nurbera 
of  2.5,  3.5,  and  5.0,  and  at  Reynolds  numbers  based  on  length  of  surface  ahead 
of  separation  of  approximately  2.5  x  10^  to  1.8  x  10^.  It  was  found  that  the 
Reynolds  number  based  on  step  height  (Reh)  is  an  Important  parameter  and  tnat 
both  the  base  pressure  and  the  maximum  heat  transfer  at  reattaciment  may  be 
predicted  as  a  function  of  this  parameter. 

Several  representative  flaw  fields  are  presented  along  with  analyses  or  the 
various  regions  of  these  fields.  It  was  round  that  the  depressed  base  pressure 
is  communicated  upstream  of  the  step  tiu-ougi  the  subsonic  portion  of  the  attached 
boundary  layer  resulting  in  a  pressure  gradient  Immediately  upstream  of  the  step. 
It  is  shown  that  the  rapid  corner  expansion  13  not  the  commonly  udid  Pnandtl- 
'feyer  expansion,  but  rather  is  accurately  described  by  the  method  of  in  viscid 
rotational  characteristics  *4iieh  accounts  for  both  the  entropy  gradient  in  the 
boundary  layer  and  the  pressure  gradient  upstream  of  the  step.  This  description 
of  the  comer  expansion  also  accurately  predicts  the  position  of  the  lip  shock 
associated  with  the  rapid  expansion. 
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I.  EfraODUCTXOK 


During  t  he  past  fl  fteen  yaars  many  experiment  C  ->nd  theoretical  JLnvctstif@tic.tS 
have  been  undertaken  to  detsrndne  the  flow  characteristics  and  beat  transfer  in 
the  separated  and  reattaching  flow  region  downstream  of  a  rearward  facing  step  and 
in  the  near  wake  of  a  body  in  flight  at  supersonic  speeds  in  order  to  develop  a 
realistic  theory  for  the  prediction  of  base  pressure  and  heat  transfer  in  this 
region,  The  most  commonly  referenced  theories  are  those  of  CJ&praan  (1)  for  a  lam¬ 
inar  boundary  layer  at  separation  and  of  Koret  (2)  for  a  turbulent  boundary  layer 
at  separation.  Both  of  the3e  theories  make  use  of  the  “dividing  streamline*  con¬ 
cept  (Figure  1)  in  which  all  of  the  flow  casing  over  the  step  remains  above  the 
dividing  streamline  and  passes  downstream,  while  all  of  the  flow  below  it  is  re¬ 
versed  at  reattaehment  and  remains  within  the  cavity  beneath  tie  dividing  stream¬ 
line,  'These  theories  assume  that  the  total  pressure  of  the  dividing  streamline  at 
reattaehment  is  equal  to  the  static  pressure  downstream  of  reattaehment.  Both 
theories  also  assume  a  negligibly  thin  boundary  layer  thickness  at  separation,  and 
are  therefore  Reynolds  number  independent  and  fail  to  accurately  predict  base  pres¬ 
sure  when  this  condition  is  violated.  Crocco  and  Lees  (3)  have  developed  a  general 
theory  attempting  to  cover  all  types  of  separated  flows,  but  the  application  of  this 
theory  in  practice  is  very  difficult  and  requires  the  evaluation  of  .-any  empirical 
constants  dependent  upon  model  geometry.  Chapman,  Kuehn  and  Larson  (4)  conducted 
an  extensive  experimental  investigation  and  examined  separated  flows  created  by 
mips  and  forward  and  rearward  facing  steps.  They  found  that  tlie  pressure  in  tie 
separated  region  is  strongly  dependent  upon  the  location  of  transition  relative  to 
the  point  of  separation  or  reattaehment.  For  the  case  of  the  rearward  facing  step, 
if  transition  occurs  well  downstream  of  reattaehment  (laminar  flow  throughout),  the 
base  pressure  is  relatively  high  and  is  a  weak  function  of  Reynolds  number.  If 
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transition  is  upstream  of  separation  (turbulent  flow  throughout)  the  base  pressure 
Is  much  lower,  but  is  again  a  weak  funct ion  of  Reynolds  number.  ?br  the  case  where 
transition  occurs  near  reattachment,  or  between  separation  and  reatfcadiment,  the 
base  pressure  is  strongly  dependent  upon  Reynolds  number  and  nuy  in  some  cases  be 
lower  than  fctv  fully  turbulent  case. 

Hash  (5)  observed  that  the  dividing  streamline  stagnates  within  the  region  of 
pressure  rise  at  reattachment  rather  than  at  the  peak  pressure  as  the  Cbapman- 
Kbrst  theories  assume.  He  proposed  that  the  Chapman-Korst  theories  be  modified  to 
take  this  fact  into  account.  Ginoux  (6)  found  evidence  of  three-dimensional  re¬ 
gular  perturbations  at  the  reattachment  of  two-dimensional  laminar  boundary  layers. 
These  perturbations  appear  to  be  similar  to  Goertler  type  streanwise  vortices. 

Hoshko  and  Thomke  (7)  found  similar  patterns  in  the  reattachment  downstream  of  an 
axL-3ynmetrJc  rearward  facing  step. 

In  spite  of  the  numerous  investigations  of  separated  flows  which  have  been  con¬ 
ducted,  many  details  of  the  flew  field  still  remain  obscure  and  only  a  limited 
amount  of  information  has  been  obtained  on  the  local  heat  transfer  distribution 
downstream  of  separation.  For  the  past  several  years  Dr.  Ron  (8) (9)  of  the  Tteehnion 
in  Hnifa,  Israel  has  been  conducting  an  experimental  and  theoretical  research  pre- 
gram  in  this  area  for  ARL.  He  used  small  two-dimensional  rearward  facing  step 
models  In  a  blow-dowi  wind  tunnel  and  in  a  shock  tube.  He  has  measured  base  pres¬ 
sures  and  heat  transfers  at  Mach  numbers  of  2.25  and  3.50  and  Reynolds  numbers, 
baaed  on  length  of  flat  plate  upstream  of  separation,  of  1  to  2  x  10  ^  (laminar 
separation)  and  0.6  to  5  x  10^  (turbulent  separation).  He  found  a  plausible  base 
pressure  correlation  using  a  modified  Crocco-Iees  theory  and  also  found  high  rates 
of  heat  transfer  in  the  reattachnent  region  under  certain  flew  conditions. 

An  ARL  in-house  program  was' undertaken  to  carpi iment  the  work  of  Dr.  Ron.  This 
program  was  te  vised  to  use  larger  models  in  a  continuous  run  wind  tufmel  facility. 
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Ttest  variables  were  specified  so  as  to  cover  the  Reynolds  number  range  between 
Horn’s  laminar  and  turbulent  studies  at  free  stream  Mach  numbers  of  2.5,  3.5  and 
5.0  to  check  the  validity  of  his  shock  tube  heat  transfer  measurements  and  to  study 
the  flow  details.  Tests  were  conducted  at  the  von  Karmen  Oas  Dynamics  Facility  at 
Arnold  Engineering  aid  Development  Center,  Tennessee  in  tunnel  A,  a  40  inch  x  40 
inch  continuous  run  wind  tunnel  with  a  Mach  nurrber  range  of  1.5  to  6.0.  A  more 
complete  description  of  this  facility  is  contained  in  Reference  10.  This  report 
surmarizes  the  results  of  the  ARL  in-house  program.  Preliminary  reports  of  some  of 
these  results  have  been  presented  previously  (11)<12). 

U.  TEST  MODEL  AND  PROBES 

A  two-dimensional,  water-cooled,  rearward  faeir^g  step  model  9  inches  wide  with 
variable  step  heights  of  0,  0.443,  and  0.75  inches  was  used  in  this  investigation. 

This  model,  shown  in  Figure  2,  was  equipped  with  side  plates  containing  optical 
quality  windo*®  to  obtain  approximately  two-dimensional  flow  and  was  instrumented 
with  46  pressure  orifices  and  40  heat  transfer  j^uges.  The  4  inch  long  section 
upstream  of  the  step  consisted  of  a  1/3  inch  thick  sheet  of  type  416  stainless  steel 
backed,  by  a  1/8  inch  thick  sheet  of  phenolic  nylon  to  maintain  an  adiabatic  surface 
upstream  of  separation.  The  vertical  riser  surface  and  the  horizontal  reattachment 
surface  dowastream  of  the  step  were  made  of  type  304  stainless  steel  and  were  cooled 
by  circulating  water  through  channels  within  the  model.  Early  in  the  test  program, 
the  vertical  riser  section  developed  water  leaks  which  could  not  be  repaired  so  that 
no  data  were  obtained  from  heat  transfer  gauges  lumbers  1  througj  4,  lb  make  a  step 
heif^it  change  in  the  model,  the  side  plates  were  removed  and  spacers  inserted  or 
removed  beneath  the  downstream  reattachment  plate.  Each  tine  this  was  dene  all  joints 
were  carefully  seeded  with  se  alas  tic  to  Insure  that  air  did  not  leak  into  or  out  of 
the  separated  region. 
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The  steady  state  heat  transfer  ^ugas,  shewn  In  Figure  ?  consisted  of  type 
304  stainless  steel  plugs  0.156  inches  In  diameter  containing  a  copper-constantan 
thermocouple  junction  at  each  flow  exposed  surface.  These  plugs  were  mounted  so 
th«t  they  were  surrounded  by  a  0.0025  inch  air  gap  over  meet  of  their  length  to 
reduce  lateral  conduction  and  thus  approximate  one  dimensional  heat  flow  across  the 
gauge.  Bach  end  of  these  gauges  was  flush  'With  the  model  surface,  so  that  one  end 
was  in  contact  with  the  air  flow  and  the  other  with  the  water  flow,  The  water  side 
of  these  gauges  was  sealed  with  epoxy  and  the  air  side  of  the  plate  was  ground  flat 
aid  polished  after  the  final  assembly  of  all  the  gauges. 

A  flattened  combination  thermocouple-pitot  probe  shown  in  Figure  4,  designed 
at  AKL  and  built  by  Bosemount  Engineering  Company  of  Minneapolis,  Minnesota,  was 
used  to  obtain  total  tenperature  and  pitot  pressure  surveys  in  the  expansion  region, 
in  the  free  shear  layer  and  In  the  attached  boundary  layers  upstream  of  separation 
and  downstream  of  reattachment.  Figure  5  shews  two  views  of  the  model  and  the 
combination  probe  mounted  in  the  tunnel. 

Figure  6  shews  the  two  wire  hot-wire  probe  which  was  designed  at  ARL  and  built 
by  Flow  Corporation  of  Cambridge,  Massachusetts  to  obtain  velocity  profiles  in  the 
low  energy  cavity  flow  beneath  the  free  shear  layer.  This  probe  wa3  designed  so 
that  the  measuring  wires  were  offset  from  the  supporting  stem  which  was  made  long 
and  thin  to  cause  a  minimum  of  disturbance  in  the  vortex  type  flow  at  the  point  of 
measurement.  When  this  probe  was  used  it  was  mounted  on  the  tunnel  probe  drive  head 
and  replaced  the  combination  probe  shewn  in  Figure  5.  The  sensing  wires  were  made 
of  0.00035  inch  diameter  tungsten  wire  which  was  copper  plated  and  tinned  at  each 
end  and  soldered  to  the  support  needles. 

The  probe  3hown  in  Figure  7,  which  was  observed  visually,  was  designed  and 
built  at  ARL  to  determine  the  local  flow  direction  in  the  cavity  region.  It  con¬ 
sisted  of  two  direction  indicating  flags,  each  cemented  to  a  0.025  inch  o.d,  stainless 

a 


steel  sleeve.  These  sleeves  were  In  turn  ncunfced  an  stainless  steel  spindles, 
one  oriented  vertically  ard  the  other  horizontally.  The  flag  on  the  vertical 
spindle  was  made  of  foil  while  the  one  on  the  horizontal  spindle  was  made  of  yam 
to  reduce  gravity  effects.  This  probe  was  offset  in  the  sane  manner  as  the  hot 
wire  probe  to  cause  minimus  flow  disturoence. 

in.  EigmurfiJTAno^  amp  techniques 

The  test  data  for  Mach  numbers  2,5,  3*5  and  5*0  were  obtained  in  succeeding 
entries  into  the  tunnel,  and  test  techniques  varied  3 lightly  for  each  entry  as 
optimum  conditions  and  improved  measurements  were  sought  each  time.  For  all  tests 
the  model  cooling  water  was  chilled  to  below  40°  F  by  pumping  it  through  a  copper 
coil  iiaaersed  in  an  Ice  and  brine  solution.  Cooling  water  entered  the  model  re- 
attachment  plate  at.  the  forward  edge  beneath  the  separation  cavity  and  flowed 
parallel  to  the  free  stream  air  flow. 

The  combination  thermocouple-pitot  probe  was  connected  to  a  three-way  valve 
inside  the  probe  head  so  that  the  probe  could  be  connected  to  a  pressure  transducer 
for  pressure  measurement  or  to  a  vacuwn  system  to  allow  air  to  be  pulled  over  the 
thermocouple  for  temperature  measurement.  When  used  in  this  way,  the  probe  measures 
a  recovery  temperature  which  is  a  function  of  probe  desigi  and  free  stream  conditions 
and  must  be  calibrated  before  the  local  total  temperature  may  be  determined.  Cali¬ 
bration  in  various  free  stream  conditions  showed  that  the  probe  recovery  factor  was 
always  between  91  and  93/f  so  that  a  constant  valve  of  92?  was  used  for  all  data  re¬ 
duction,  It  was  further  assured  that  the  recovery  factor  in  a  shear  flow  was  the 
same  as  in  a  free  stream  flow.  The  combination  probe  was  not  pitched  to  aligji  with 
the  local  flow  angle  but  was  always  pointed  upstream  into  the  free  stream  direction. 

A  calibration  of  the  probe  for  variation  from  true  pitot  pressure  reading  vs.  angle 
at  two  different  Reynolds  numbers  and  various  Mach  numbers  showed  that  the  Reynolds 
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number  effect  was  negligible  send  the  reading  variation  mgs  only  a  function  of  ffech 
number  and  angle.  For  subsequent  data  reduction  It  ms  found  convenient  to  display 
this  information  as  a  fwnily  of  constant  correction  curves  on  a  ffech  number  vs.  flow 
angle  plot  as  shown  in  Figure  S.  The  transducers  used  to  read  out  the  pitot  pres¬ 
sure  for  various  teat  conditions  are  suraiariaed  in  'Table  I. 

When  using  the  hot  wire  probe  the  four  leads  associated  with  each  wire  were  fed 
from  the  tunnel  to  a  Flow  Corporation  Hot  Wire  Probe  Selector  Model  4681  switching 
device.  'Ihis  permitted  energising  and  reading  each  of  the  probe  wires  separately. 
The  snitching  device  mbs  connected  to  a  Flow  Corporation  Hot  tare  Anemometer  Model 
HUB  2  which  contained  the  wire  current  controls,  the  resistance  bridge  and  the 
current  and  voltage  meters.  Ms  unit  was  operated  In  the  constant  resistance  ratio 
mode.  Prior  to  mounting  the  probes  in  the  tunnel,  each  wirt  was  calibrated  in  a 
snail  calibration  tunnel  to  obtain  its  current-velocity  relation.  In  addition,  a 
calibration  of  the  variation  of  the  zero  velocity  current  vs.  pressure  was  required 
since  the  pressure  behind  the  step  in  the  wind  tunnel  was  very  much  below  atmospheric 
pressure.  This  variation  was  determined  by  calibration  in  a  vacuum  chamber  at 
various  pressure  levels. 

The  instrumentation  used  lor  measuring  model  tenperatures  and  pressures  at  the 
various  Mach  numbers  together  with  the  estimated  measurement  error  is  described 
briefly  in  Thble  I. 

A  point  light  source  single  pass  shadograph  system  was  used  to  photograph  flew 
details.  In  this  system  the  light  source  was  located  in  line  with  the  separation 
point  of  the  model  105.3  inches  from  the  tunnel  centerline  while  the  film  was  lo¬ 
cated  on  the  opposite  side  of  the  tmnel  32.0  inches  from  the  tumel  center  line. 
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IV  .  ESFERUffilBS 


During  the  initial  tunnel  entry,  it  was  determined  that  the  press  ore  distri¬ 
bution  on  the  model  rera&iwd  imchanged  regardless  of  whether  or  not  the  model  was 
cooled.  After  this  termination,  the  following  test  sequence  was  adopted  fee:  each 
model  configuration  (h=*0,00,  0.*»h3  and  0.750)  aid  each  Mach  number: 

(a)  With  the  coaling  water  shut  off,  the  model  pressure  and  adiabatic  wall 
temperature  distributions  /ere  determined  at  various  free  stream  Reynolds  numbers. 

A  shadograph  photograph  of  each  condition  was  also  obtained. 

<b)  With  the  cooling  water  circulating,  the  model  surface  temperature  and 
heat  transfer  distributions  were  obtained  fox-  some  of  the  above  Reynolds  ambers, 

A  summary  of  the  tunnel  conditions  of  the  test  is  given  In  Thble  II. 

In  addition  to  the  model  information  obtained  above,  detailed  probings  cf  the 
flow  field  using  the  cant  Inal  ion  thermocouple-pitot  probe  were  obtained  under  the 
tunnel  conditions  and  model  configurations  listed  In  Ihble  I  EL, 

During  the  first  tunnel  entry,  oil  was  sprayed  on  the  model  reattachment  sur¬ 
face  to  determine  the  reafctaehraerft  line  and  the  local  surface  flow  direction  so  as 
to  check  the  two-dimensionality  of  the  flow.  These  oil  flow  studies  were  abandoned 
as  not  being  feasible  in  the  continuous  run  tunnel  being  used.  During  the  extended 
time  required  to  bring  the  tunnel  to  flow  conditions,  most  of  the  oil  was  blown 
downstream,  and  It  could  not  be  positively  determined  whether  the  observed  flow 
pattern  accurately  depicted  the  run  condition  flow  lines  or  whether  some  traces  of 
flow  lines  left  Airing  the  transient  running  period  were  being  observed.  During 
a  later  entry,  yarn  tufts  were  attached  to  the  surface  to  determine  the  reattachment 
line  and  the  two-dimensionality  of  the  flow.  The  tufts  gave  a  good  indication  of  the 
location  of  the  reattaclxsent  line  within  the  accuracy  of  their  1/4  inch  spacing. 

They  also  showed  the  flow  downstream  of  reattachaent  to  be  two-dimnsianal,  but  gave 
no  indication  of  flow  conditions  within  the  extremely  low  energy  separated  region. 
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Attempts  to  measure  the  flew  dlrectJ.cn  and  velocity  of  the  vortex  type  flow  in 
the  separated  region  using  the  hot-wire  probe  and  the  direction  sensing  probe  met 
with  only  limited  success  and  will  be  discussed  below. 

During  fchs  final  tunnel  entry  a  thin  overhang  equal  in  length  to  one  step 
height  was  added  to  the  basic  model  to  determine  the  effect  of  a  different  flow 
entrainment  condition  at  separation  and  the  effect  of  a  change  in  cavity  sfiape  ipen 
the  development  of  the  flow  in  the  cavity  and  downstream  of  separation. 

V.  RESULTS 

(A)  Step  Model  Data: 

Figures  9a  through  91  show  shadograph  photographs  of  the  flow  field  for  the 
inch  step  at  the  high,  intermediate,  and  low  Reynolds  nuTfcer  for  each  Hach 
number.  The  bright  line  parallel  to  the  reattachraent  surface  which  is  visible  in 
same  of  tnese  photographs  is  a  light  reflection  off  the  reattachment  surface.  Of 
particular  interest  in  these  photographs  is  the  white  line  denoting  the  upper  edge 
of  the  free  shear  layer  downstream  of  separation,  the  lip  shock  which  emanates  from 
the  shear  layer  ctovnstream  of  the  corner,  and  the  reattachment  shock  resulting  from 
the  coalescing  of  compression  waves  in  the  reattachment  region.  Detailed  probing 
with  the  combination  thermocouple-pitot  probe  verify  this  interpretation  of  these 
shadographa.  Note  that  with  increasing  free  stream  Reynolds  number  the  lip  shock 
rotates  downward  relative  to  a  horizontal  reference  line.  Examination  of  the  probe 
data  shows  that  the  losses  across  the  lip  stock  increase  with  increasing  free  stream 
Reynolds  number.  Also  of  special  interest  is  the  fact  that  for  the  1%,  »  2.5  hi#i 
Reynolds  number  case  (Figure  9a)  a  second  snock  appears  at  the  beginning  of  the 
expansion  fan.  Lip  shocks  at  the  end  of  the  expansion  fan  hare  been  noted  by  several 
previous  investigators,  but  only  RosJiko  and  Thonke  (7)  have  reported  a  shock  at  the 
beginning  of  the  expansion.  The  lip  shock  has  been  considered  negligibly  weak  by 
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most  Investigators ,  I  At  tie  attention  has  been  given  to  this  shock  and  all  of  the 
theories  to  date  ignore  It  completely.  Recently  Ham  (135  has  raade  sore  estimate 
of  the  strength  of  the  lip  shock  and  concludes  that  it  is  not  as  weak  as  previously 
supposed.  A  further  discussion  of  the  lip  shook  will  be  given  below. 

Also  shown  in  Figures  9a  throu$i  91  is  the  model  pressure  and  heat  transfer 
distribution  obtained  wider  the  test  conditions  of  the  photographs.  'Ihe  model 
pressure  has  been  non-dimensionallzed  by  the  pressure  measured  at  the  number  one 
orifice  located  1-1/2  inches  upstream  of  the  step,  while  the  heat  transfer  data  are 
non-dimensional  Ized  by  using  the  local  flat  plate  heat  transfer  obtained  under  the 
same  flow  conditions.  The  ncn-dinensionalized  beat  transfer  curve  was  obtained  by 
fairing  curves  through  the  experimentally  determined  data  for  both  the  step  and  the 
flat  plate  and  taking  the  ratio  of  points  along  these  faired  curves .  This  procedure 
will  be  discussed  below  in  more  detail.  The  Increasing  heat  flux  downstream  of  re- 
attachment  observed  in  Figure  9c  is  undoubtedly  brought  about  because  the  flow  was 
turbulent  there  In  the  case  of  the  step  and  laminar  in  the  case  of  the  flat  plate 
reference  condition. 

Examination  of  the  pressure  distributions  of  Figures  9a  through  91  shows  a 
region  of  essentially  constant  pressure  along  the  surface  inroediately  downstream  of 
the  step.  The  pressure  orifices  in  the  vertical  riser  surface  (numbers  39  through 
i»2)  showed  the  pressure  on  this  face  to  be  essentially  constant  at  the  same  value 
as  those  along  the  floor.  This  pressure,  the  base  pressure,  normalized  by  the  up¬ 
stream  pressure  P^  *  is  plotted  vs.  Reynolds  umber  based  on  length  of  surface 
ahead  of  separation  for  all  test  points  obtained  in  Figures  10a  through  10c.  Also 
shown  in  these  figures  are  the  base  pressures  predicted  by  the  laminar  theory  of 
Chapman  (1)  and  the  turbulent  theory  of  Korst  (2).  At  the  low  values  of  Re^  the 
curves  appear  to  be  approaching  a  constant  pressure  plateau.  This  behavior  is 
especially  prominent  In  the  case  of  the  0.750  inch  step  at  •  5.0  (Figure  10c)  aid 
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ccnflnaB  similar  flndingB  by  Chapraan,  Kuefcn  and  Larson  (A)  for  separated  flows 
which  am  laminar  throu^iout  in  that  the  base  pressure  is  nearly  independent  of 
Reynolds  matfcer.  Figures  iOe,  through  10c  show  however,  that  this  constant  pressure 
plateau  (if  It  is  in  fact  reached  for  all  separated  flows)  is  considerably  above 
the  pressure  predicted  by  the  Chapeau  theory  for  laminar  flews.  It  is  also  seen 
that  the  low  Reynolds  mmfcer  base  pressure  appears  to  be  a  rather  strong  function 
of  step  height  as  evidenced  by  the  results  of  the  two  step  heights  at  each  .'-tech 
nuefcer  of  this  investigat  ion. 

Bor  a  given  model  configuration,  it  is  seen  that  as  the  free  stream  Reynolds 
number  is  increased  from  the  completely  laminar  condition  the  base  pressure  decreases. 
As  evidenced  for  the  case  of  the  0.750  step  at  «  2.5  (Fijure  10a),  the  base  pres¬ 
sure  readies  a  minimum  value  and  then  begins  to  increase  with  Increasing  free  stream 
Reynolds  number.  For  reasons  to  be  given  later,  it  is  believed  that  the  base  pres¬ 
sure  for  fully  turbulent  separated  flow  approaches  that  given  by  the  Xbrst  turbulent 
theory.  The  fully  turbulent  base  pressure  is  lower  than  the  fully  laminar  value, 
but  higher  than  the  ndninum  value  obtained  for  transitional  type  flows.  In  general, 
for  a  given  model  configuration  and  free  stream  Mach  number,  the  base  pressure  Is 
dependant  upon  the  location  of  transition  relative  to  separation  and  reattaciwent  as 
indicated  schematically  in  Figure  li. 

Because  of  the  strong  dependence  of  base  pressure  upon  step  height  and  free 
stream  conditions  indicated  in  Figures  10a  through  10c,  all  of  the  available  two- 
dimensional  base  pressure  data  (both  from  the  present  experiments  and  from  the  lit¬ 
erature)  were  plotted  vs.  Reynolds  number  based  on  step  height  and  free  stream  con¬ 
ditions.  The  data  were  obtained  at  various  Mach  nuribero  ranging  from  1.56  to 
5.0  and  are  displayed  in  Figure  12.  Also  shown  in  this  figure  are  the  base  pressures 
predicted  by  the  Karat  turbulent  theory  at  various  ftech  numbers.  It  Is  seen  that 
except  for  a  few  turbulent  flow  points  which  are  close  to  values  pi-edicted  by 
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Korst's  turbulent  theory,  all  of  the  data  fall  within  a  relatively  narrow  envelope 
and  nay  be  approximately  predicted  by  the  empirloal  equation 
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As  transition  moves  upstream  into  the  reattacbraent  region  the  base  pressure 
begins  to  fall  from  its  relatively  high  laminar  value  as  given  by  equation  1  and 
shown  in  Figure  12,  When  transition  occurs  upstream  of  separation,  the  base  pressure 
prediction  of  Korst  as  shown  in  Figure  13  appears  to  be  adequate  and  should  be  used. 
The  exact  method  of  moving  from  the  curve  of  Figure  12  to  that  of  Figure  13  is  not 
known  at  present,  and  should  be  the  object  of  a  future  investigation. 

Because  of  limitations  on  the  tunnel  operating  tecperature  and  the  model  cooling 
water  temperature  only  a  small  temperature  differential  was  obtained  across  the  heat 
transfer  measurements.  Figure  14  shows  typical  heat  transfer  distributions  obtained 
for  both  a  step  and  a  flat  plate  ccnfi^tration  at  the  same  flow  conditions.  The 
large  heat  transfer  in  the  vicinity  of  the  step  location  for  the  fiat  plats  config¬ 
uration  occurs  because  of  the  surface  teaperatune  discontinuity  existing  at  this 
location  (insulated  surface  to  cooled  surface).  It  is  seen  that  for  the  step  con¬ 
figuration  the  neudnum  heat  transfer  occurs  in  the  reattachnent  region  and  nay  be 
several  times  the  local  flat  plate  value,  while  in  the  separated  region  beneath  the 
free  shear  layer  the  heat  transfer  is  less  than  at  the  corresponding  flat  plate 
position. 

Also  shown  in  Figure  14  is  the  flat  plate  heat  transfer  which  would  have  been 
obtained  if  the  plate  had  been  cooled  to  the  uniform  wall  temperature  of  the  test 
from  the  leading  edge.  This  curve  will  hereafter  be  referred  to  as  the  extrapolated 
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flat  plate  curve,  and  was  obtained  by  computing  both  the  laminar  and  turbulent 
beat  transfer  distribution  and  fairing  a  curve  between  and  parallel  to  them  to 
coincide  with  the  e^pcrJUamfcal  heat  transfer  distribution  downstream  of  the  effect 
of  the  temperature  discontinuity.  The  heat  transfer  m  given  by  this  extrapolated 

o 

curve  at  X  *  0  would  be  the  heat  transfer  at  separation  (q  sep)  and  may  be  used  as 
a  reference  quantity.  These  heat  transfers  were  computed  by  using  the  following 
flat  plate  satirical  relations  of  Eckert  (17) : 
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Properties  of  the  gas  used  in  equation  (2)  were  evaluated  at  a  reference  tenperature 
given  by 

T»  «  Tm  +  0.5  (Tw  -  'l,)  *  0.22  (Taw  -  TJ.  (3) 

Tb  relate  the  saximum  heat  transfer  at  reattachment  to  conditions  at  the  step. 


the  following  procedure  was  used  to  calculate  the  ratio  (q^^  ).  At  various 

positions  along  the  reattachmert  surface  the  local  ratio  of  measured  step  heat 

f  Q  •  1 

transfer  to  measured  flat  plate  heat  transfer  (q/<l  fp)e^|  was  determined  frpm  a 
plot  such  ad  Figure  14.  Typical  distributions  of  this  ratio  over  the  reattachraent 


surface  are  shown  in  Figures  3a  through  31.  At  the  location  of  maxiiman 
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(<i/q  fp)  determined  from  Fi@jres  9a  through  91,  the  value  of  the  local  flat 

***  • 

plate  heat  transfer  (q  *p)ext  was  determined  from  plots  similar  to  Figure  14. 

9 

(This  quantity  is  denoted  as  (q  &ext  because  it  was  usually  necessary  to  use  the 
extrapolated  portion  of  the  experimental  curve.  However,  if  the  point  of  maximum 
heat  transfer  was  fhr  enough  downstream,  the  actual  experimental  curve  was  used) . 
The  ratio  of  maximum  reattachment  heat  transfer  to  heat  transfer  at  the  step  was 
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determined  by 


Figure  15  shows  a  plot  of  this  ratio  vs.  The  f laired  points  in  this  figure 

represent  run  conditions  in  which  transition  on  the  flat  plate  occurred  between  the 
separation  and  reattadbraant  positions.  For  t Isaac*  conditions,  the  extrapolated  flat 
plate  curve  was  extended  forward  from  the  experimental  curve  as  if  transition  had 
occurred  upstream  of  the  separation  position.  The  values  of  heat  flux  at  low 
Reynolds  numbers  reported  by  Ron  (8)  are  considerably  higher  than  the  results  of 
the  present  investigation  ansi  other  reported  results.  The  reason  for  this  discre¬ 
pancy  is  not  known  at  present,  but  it  should  be  pointed  out  that  item’s  results 
were  obtained  in  a  shock  tube,  while  the  other  measurements  shown  in  Figure  15  were 
obtained  in  wind  tunnels. 

The  high  values  of  heat  transfer  at  reattachment  are  believed  to  be  due  to 
transition  to  turbulence.  From  this  curve  it  is  concluded  that: 

(a)  If  transition  occurs  far  downstream  of  reattachrent  the  peak  heat  transfer 
at  reattachment  is  less  than  the  value  at  separation. 

(b)  If  transition  occurs  in  the  reattachment  region,  the  reattachment  peak 
heat  transfer  is  greater  than  the  heat  transfer  at  separation. 

(c)  If  transition  occurs  upstream  of  separation,  the  peak  reattachment  heat 
transfer  is  approximately  equal  to  the  separation  value. 

Examination  of  Figures  9a  through  91  shows  that  the  peak  heat  transfer  always 
occurs  at  the  neck  of  the  reccmpressing  shear  layer  downstream  of  the  stagnation 
line.  In  order  to  correlate  the  distance  from  the  separation  point  to  the  point  of 
peak  heat  transfer  (x^)  an  angle  o  ■  arctan  (h/x^)  is  defined.  Figure  16  shows 
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a  plot  of  o/o  vs.  Reh  which  includes  all  of  the  experimental  points  of  this  investi¬ 
gation,  The  parameter  a/v  is  similar  to  the  parameter  8/u  used  by  Donaldson  and 
flyers  (21)  to  correlate  the  location  of  reattachment.  Although  there  is  consider¬ 
able  scatter  in  the  data,  it  is  seen  that  the  variation  of  a/u  with  fte^  may  be 
approximated  by: 

a/w  *  1.07  (Reh)°‘3-0.5  (5) 

(8)  Overhang  fibdel  Data: 

A  thin  {1/64  inch)  overhang  of  length  equal  to  one  step  height  (0.750  inch) 
was  added  to  the  basic  model  to  determine  the  effect  of  a  different  entrainment 
condition  at  separation.  It  was  found  that  both  the  pressure  and  heat  transfer 
distributions  downstream  of  the  separation  point  were  the  same  as  for  the  step 
without  the  overhang  if  flow  conditions  were  adjusted  to  the  sane  Reynolds  number 
based  on  step  hei^it  (Reh)  for  the  two  cases.  However,  if  the  flow  was  adjusted 
so  that  the  same  Reynolds  number  based  on  length  ahead  of  separation  (Re^)  was 
obtained  for  both  cases,  the  heat  transfer  aid  pressure  distribution  for  the  step 
differed  from  those  for  the  overhang.  Thus  this  Investigation  also  pointed  to  the 
fact  that  fte^  is  an  important  parameter  for  the  base  type  flow  under  investigation. 
It  is  believed  that  a  system  of  two  vortices  develops  beneath  the  step  aid  shear- 
layer,  as  shewn  in  the  accompanying  sketch,  to  allow  the  flow  to  adjust  to  the  same 
downstream  conditions  for  both  the  step  and  the  overhang. 
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(C)  Surface  Yarns; 

In  order  to  determine  the  local  flow  direction  on  the  model  surface  and  to 
define  the  location  of  the  stagnation  line,  strands  of  yam  were  attached  to  the 
model  surface  downstream  of  the  step.  Experimentation  with  various  types  of  yarns 
showed  tliat  a  50%  wool-50Jt  nylon  yam  was  the  moat  responsive  to  air  flow  direction 
and  had  the  necessary  resistance  to  fiber  breakage  due  to  buffeting  in  the  wind 
tunnel  air  flow. 

These  strands  were  threaded  through  a  ruled  sheet  of  heavy  paper  in  a  regular 
pattern  aid  attached  to  the  underside  of  the  paper  by  double-sided  pressure  sensi¬ 
tive  tape.  The  free  yam  ends  were  then  cut  to  a  length  of  3/**  inches  and  the  paper 
was  attached  to  the  model  by  using  another  layer  of  double-sided  pressure  sensitive 
tape.  This  arrangement  provided  a  smoother  reattachment  surface  and  a  better  re¬ 
sponse  of  the  yarns  than  would  have  been  obtained  if  the  yams  had  been  cemented 
directly  to  the  model  surface.  Photographs  of  the  orientation  of  the  yam  strands 
for  She  0.75  step  at  the  highest  Reynolds  rusher  for  each  test  Mach  number  are 
showi  in  Figure  17.  The  rulings  are  l/H  inch  apart  with  heavy  accented  lines  every 
inch.  It  is  seen  that  the  reattachraent  line  is  well  defined  within  the  accuracy  of 
the  rulings,  that  It  is  essentially  straight  and  that  the  surface  flow  downstream  of 
reattachment  is  two-dimensional.  The  yams  upstream  of  reattachment  in  the  separated 
region  showed  ro  motion  at  all,  as  if  the  air  in  this  region  were  truly  dead  air. 

This  vividly  demonstrated  the  extremely  low  energy  level  of  the  low  density,  low 
velocity  flew  in  the  cavity  beneath  the  free  shear  layer. 

When  the  reattachment  position  determined  by  the  yam  strands  is  indicated  on 
the  pressure  plots  of  Ftgxres  9a  through  9i,  the  total  pressure  of  the  dividing 
stream  line  (stagnating  streamline)  at  reattachment  is  determined,  since  this  total 
pressure  is  equal  to  the  local  static  pressure.  If  the  flow  to  reattachment  is 
assumed  to  be  isentroplc,  the  Mach  number  of  the  dividing  stream  line  at  the  beginning 
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of  recoopression  nay  be  deter -mined  a3  follows: 

The  ratio  of  static  to  total  pressure  on  the  dividing  stream  line  at  reattacb- 
jresit  Is  computed  from: 


<&) 


Results  of  this  determination  are  shown  in  Table  IV  for  the  0,75  inch  step  at  the 
various  test  conditions. 

It  is  seen  that  in  all  cases  the  Ifech  number  of  the  dividing  stream  line  is 
subsonic,  and  is  usually  of  the  order  K  *  0.6  to  O.S.  Ibis  is  lower  than  tlie  Mach 
number  of  the  dividing  stream  line  given  by  the  theories  of  Chapman  and  Korst. 

For  the  higher  supersonic  free  stream  I-fach  numbers  these  theories  result  in  a  super¬ 
sonic  dividing  stream  line. 

(D)  Probe  Data: 

lb  obtain  information  about  the  flow  downstream  of  the  step,  vertical  traverses 
at  various  distances  downstream  of  the  step  were  made  with  the  combination  thermo¬ 
couple-pitot  probe.  Since  the  pitot  probe  was  maintained  in  a  fixed  direction 
parallel  to  the  free  stream,  the  readings  had  to  be  corrected  for  flew  angle  by 
using  the  calibration  curves  of  Figure  8.  Figure  18  shows  selected  uncorrected  pitot 
traverse  data.  Each  curve  corresponds  to  a  fixed  x  position  and  represents  the  pitot 
reading  distribution  with  y,  the  distance  above  the  reattachment  surface.  These 
curves  have  been  selected  to  stow  a  typical  traverse  in  each  of  the  various  regions 
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of  the  flow  field,  lie  curves  x  =  0.06,  x  *  0.2,  and  x  *  1.0  are  traverses 
through  the  separated  region  and  the  expansion  fan.  Ito  local  wave  in  these 
curves  at  y  *  0.3  to  0.4  inches  corresponds  to  the  position  of  the  lip  shock 
visible  in  the  sbadographs  of  Figures  3a  through  91.  fbtice  that  there  Is  no 
evidence  of  the  lip  shock  in  the  probing  Just  downstream  of  tto  step  {x  *  0.06), 
indicatiiig  that  the  shock  does  not  extend  to  t!»  step.  She  curves  x  *  2.0  and 
x  M  4.0  are  traverses  downstream  of  reattachmenfc.  'The  sudden  change  in  pitot 
reading  at  y  *  0.73  inches  indicates  the  position  of  tie  reattachment  shock. 

Probing  of  the  cavity  flow  beneath  the  free  shear  layer  with  the  crossed 
hot-wire  probe  and  the  direction  sensing  probe  yielded  little  information  about  the 
flow.  In  many  positions  the  direction  sensing  probe  oscillated  or  rotated  rapidly 
so  that  the  local  flew  direction  could  not  be  determined,  'ihe  flew  angles  confuted 
from  the  tot-wire  probe  were  not  consistent  with  those  wiiich  could  be  determined  by 
the  direction  sensing  probe  and  the  confuted  velocities  were  much  too  high  to  be 
consistent  with  other  observations  of  this  low  energy  flow.  R>r  one  flow  condition 
which  was  examined,  the  direction  sensing  probe  indicated  a  large  recirculating 
vortex  beneath  the  free  shear  layer  with  a  small  second  vortex  in  the  corner  of  tie 
vertical  rl8er  and  the  cavity  floor. 

VI.  PREDICTION  OF  BASE  PRESSURE  AliP  PEAK  HEAT  TR&iSTER 

Prom  the  experimental  information  described  above  the  base  pressure,  the  peak 
heat  transfer  and  the  location  of  the  peak  heat  transfer  may  be  enpirically  deter¬ 
mined  as  follows: 

(a)  Corrpute  the  step  height  Reynolds  number  Re{j  «  u»h  .... 

(b)  Determine  whether  the  attached  boundary  layer  at  tlie  separation  point  is 
laminar  (Re^<  5  x  105),  transitional  (5  x  105  <  BeL  <  10^),  or  turbulent  (FteL  >106). 


(o)  If  the  separating  boundary  layer  is  turbulent  use  Herat's  theory 

(Figure  13)  to  determine  the  base  pressure.  If  the  separating  boundary  layer  is 

laminar  or  transitional  determine  the  base  pressure  from  equation  1. 

a 

(d)  Compute  the  value  of  the  heat  flux  at  separation  (q  )  by  using  standard 

SCO 

attached  boundary  layer  techniques,  (For  example  Eckert's  reference  teeperature 
method.) 

(e)  From  Figure  15  determine  the  ratio  fq _ /q  j  and  from  this  compute  the 

maximum  heat  flux  at  reattacbmsnt. 

(f)  Determine  a/u  from  equation  5  and  from  this  calculate  the  distance  to  the 

position  of  peak  heat  transfer  (x  ). 

PHT 

VII.  ANALYSIS 

A  detailed  examination  of  the  results  reported  above  discloses  the  typical  flew 
field  shown  in  Figure  19  to  exist  downstream  of  the  step.  This  figure  shows  that  the 
complicated  flow  field  is  divided  into  regions  which  nay  be  studied  separately,  then 
properly  matched  and  fitted  together.  Each  of  these  regions  will  be  discussed 
separately  below.  Figures  20  throngs  22  show  specific  examples  of  this  Hew  field 
constructed  from  experimental  information  and  will  be  referred  to  in  the  discussion 
to  follow.  Figures  20  and  21  ghow  static  pressure  changes  and  total  head  losses 
across  the  lip  shock  and  the  region  of  constant  pitot  reading  beneath  it.  Figure  22 
shows  the  complete  flow  field  along  with  model  pressures  measured  at  each  orifice. 
Also  shown  in  Figure  22  are  static  pressure  changes,  Mach  number  changes,  and  total 
head  losses  across  the  reattachment  shock. 


(A)  Comer  Expansion  and  Lip  Shock: 

The  flow  approaches  the  separation  point  with  a  conventional  boundary  layer 
attached  to  the  body,  some  portion  of  which  Is  subsonic.  Tills  subsonic  portion  allows 
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pressure  signals  to  be  fed  upstream  of  the  step.  Model  pressure  orifices  placed 
upstream  of,  but  very  close  to  the  separation  point  show  that  reduced  pressure  is 
ffelt  upstream  of  the  step.  This  effect  is  i>.Jdicated  in  the  pressure  distributions 
of  Figures  9a  through  91.  Once  this  reduced  pressure  Is  coKraunicatec  upstream,  it 
is  propagated  into  the  supersonic  flow  along  the  local  Mach  waves  resulting  in  a 
pressure  gradient  in  both  the  horizontal  and  vertical  direction  in  the  vicinity  of 
the  separation  point.  Figures  23  and  2k  show  constant  pressure  lines  An  the  expansion 
region  as  determined  experimentally  from  corrected  pitot  readings  and  the  assumption 
that  the  total  pressure  throughout  this  region  is  equal  to  the  tunnel  total  pressure. 
The  constant  pressure  lines  are  extended  into  the  shear  layer  to  points  on  the  model 
of  corresponding  measured  pressures.  The  exact  location  of  these  lines  can  not  be 
determined  because  of  the  unknown  pressure  gradient  within  the  shear  layer.  Notice 
the  strong  warping  of  the  constant  pressure  lines  in  the  case  of  Figure  23  and  the 
lesser  warping  in  Figure  2k.  Notice  also  the  low  pressures  measured  just  above  the 
1'  shock  indicating  a  strong  overexpansion.  It  is  seen  that  these  constant  pres¬ 
sure  lines  are  definitely  not  the  straight  constant  pressure  lines  of  the  caanonly 
used  Prandtl-Meyer  expansion,  Cotrparlscn  of  the  experimental  fan  with  the  theoretical 
Prandtl-Meyer  fan  further  shows  that  the  total  Included  angle  of  the  experimental 
fan  is  less  than  that  of  the  Prandtl-Meyer  fan  required  to  expand  to  the  same  pres¬ 
sure.  This  same  effect  was  reported  in  Reference  22.  Figures  20  through  22  shew  a 
region  of  constant  pitot  reading  inraedlately  below  the  lip  shock.  It  was  at  first 
assumed  that  this  inplied  constant  pressure  in  this  region.  Preliminary  attenpta  to 
treat  the  lip  shock  as  an  oblique  shock  parallel  to  a  constant  pressure  line  with 
uniform  conditions  cn  each  side  and  base  pressure  on  the  downstream  side  did  not 
permit  a  consistent  interpretation  of  the  data.  Closer  examination  showed  that  the 
lip  shock  varies  in  strength  along  its  length,  with  the  point  of  greatest  strength 
being  in  the  vicinity  of  the  shock-shear  layer  intersection.  Corputaticns  of  the 
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tlcm  conditions  on  two  aides  of  an  oblique  shock  were  sade  using  the  measured  con- 
stmt  total  pressure  upstream  of  the  shock  and  the  ®asured  constant  pitot  reading 
dovsnstreaa.  Using  the  nomenclature  of  the  acco^psr^ing  sketch  and  equations  for  an 
oblique  shock  and  for  isentrepic  flow  where  appropriate,  the  proCedure  was  as 
follows: 


(b)  Assidw;  various  values  of  5  ■  p ^/p 

<c)  Coqptfce  V  /P  *  j  (lf+lH<-(r-l> 

2  tl  [(t-1)C+(^1) 

'  -*  -.+1)' 

tt 


(d)  Compute  T^/T^ 
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(e)  Co*>ute  P,  /p„  ■  (Pt3/Ptl) 
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(g)  Compute  Tp/T^ 
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(15) 


(J)  Compute  P.  -  P. 

X  Cl 


'“(f)# 


(k)  Compute  Pg  »  (fyT1)  p]L 

(l)  Compute  6  *  arc  sin  I 
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*  Y 
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(»5  Compute  $  *  arc  tar. 


(y*J-)  tan  J 

(r+l)^+  (y-l)  J 

Multiplying  and  dividing  the  right  band  aide  of  this  equation  by 


(16) 

(17) 
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(  gives: 
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Most  of  the  labor  of  the  computation  of  these  equations  was  eliminated  by 
using  the  appropriate  tables  of  Reference  23.  A  representative  result  is  shown  in 
Figure  25  when?  all  variables  are  shown  as  a  function  of  the  pressure  upstream  of 
the  shock.  This  figure  shows  that  the  total  head  losses  decrease  with  increasirig 
upstream  pressure  while  the  downstream  pressure  decreases  to  an  essentially  constant 
value  reached  when  the  pressure  ratio  PyP  is  about  0.5.  Tie  flow  angles  and  the 
total  head  losses  continue  to  change  with  Increasing  the  flow  angles  approach 
the  Mach  angle  while  the  total  head  losses  decrease  to  zero.  It  is  thus  clear  that 
even  though  the  total  pressure  is  constant  upstream  of  the  aivxk  and  the  pitot 
reading  is  constant  dotmtream  of  the  sliock,  the  shock  strength  and  flow  conditions 


on  both  sides  of  the  shock  are  not  necessarily  uniform. 
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Pjr  the  -  2.5  s&tr  It  was  fcsund  tli&t  at  the  hig*  iieynoids  nuaber  of  this 
test  ’■-he  dcw**i;rwari  pressure  was  scrnewivit  below  the  measured  base  pressure,  Ftor 
this  ease  curve  {&)  in  Figure  25  represents  base  pressure,  The  intersect  ion  of  the 

P_  and  (a)  curve  Is  the  point  where  the  pressure  downstream  of  the  shock  is  equal 

2 

to  base  pressure  and  it  Is  seen  that  the  total  head  losses  are  greatest  it  this  point 
with  tbs  losses  decreasing  as  becomes  less  than  base  pressure.  An  example  of 
this  case  is  shown  in  Figure  20  where  several  streamlines  are  shown  crossing  the 
lip  shock.  At  these  crossings  the  pressure  change  and  less  of  total  pressure  are 
shown,  notice  the  decrease  in  total  head  1cm  with  increasing  distance  from  the 
shear  layer*  At  intermediate  Reynolds  rasabers  was  approximately  equal  to  base 
pressure  while  at  the  low  Reynolds  numbers  of  the  test  was  slightly  above  base 
pressure,  The  sane  trends  were  seen  in  the  »  3.5  data*  but  in  such  milder  form. 
The  K.  *  5,0  data  were  not  investigated  in  this  regard* 

To  further  investigate  the  appearance  of  the  lip  shock  and  the  deviation  of  the 
actual  expansion  from  a  Prandtl-Mayer  expansion  an  inviscid  rotational  characteris¬ 
tic s  solution  was  obtained  for  the  case  shewn  in  Figure  24  assuming  isoenergetic 
flow.  This  solution  should  be  a  valid  approximation  in  this  region  because: 

(a)  In  the  rapid  corner  expansion,  viscous  forces  are  snail  canpared  to  plea¬ 
sure  forces  and  may  be  neglected, 

(b)  The  entropy  gradients  in  the  approaching  rotational  boundary  layer  flow  are 
taken  Into  accotnt, 

(c)  The  flow  to  separation  is  over  an  adiabatic  surface ,  so  that  the  Haw  is 
essentially  isoenergjetic. 

(d)  The  warping  of  the  expansion  fan  and  the  presence  of  the  lip  shock,  tfcich 
the  experimental  data  show  to  exist  over  a  great  distance,  must  be  due  to  inviscid 
effects  rather  than  to  viscous  effects. 


The  properties  of  the  point  c  (aee  accompanying  sketch) ,  any  interior  point  of  the 
flow,  which  lies  at  the  intersection  of  the  characteristic  (ftech)  lines  through 
points  &  and  b  are  determined  free  the  following  knew  quantities  of  points  a  and 
b:  x.  y.  M,  Tq,  S,  and  the  related  quantities  T.  v ,  9  » and  u. 


x 


If  this  expansive  flow  field  is  assumed  to  be  isoenergetlc  {Tq  *  Constant}, 
the  equations  relating  these  quantities  are  the  following  (24): 


TP*—  f*TatSc-V 
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An  initial  ©ass  of  Sc  »  Sa  +  allcam  the  calculation  of  a  trial  v»c  rod 

1  2 

and  the  determination  of  a  trial  M  from  the  isentropic  relation 
®  c 
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Also  a  trial  it  may  be  calculated:  «  »  *.rc»in  {— — )  (23) 

c  ”  Mc 

Prom  the  geometry  of  the  sketch  it  may  be  seen  that  if  average  angles  are  used  the 
following  equations  relate  the  position  of  point  c  to  thcee  of  a  aid  b: 
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The  entropy  at  point  c  my  then  be  determined  from  (25): 
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U»  value  of  S_  computed  from  equation  (25  )  is  compared  to  the  Initial  guess 
c 

S  *  If  they  do  not  agree  replace  S_  with  the  value  S.  corputed  from  (25  )  and 
C1  C1  c 

repeat  the  computation.  Satisfactory  agreement  was  usually  obtained  in  three  or 
less  iterations,  y 

Fbr  a  point  on  the 

i  \ 
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inner  coratant  pressure  boundary 
of  tlie  expanding  shear  layer  the 
calculation  Is  sinpler  than  the 
procedure  above.  For  this  case 


Constant 

Pressure 

Boundary 
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S  ■  S  and  31  «  M  .  'therefore  $  .  H„,  v„,  j»e,  T_,  and  tu,  are  known  and  all  that 
c  a  c  a  c*  c*  c»  c» 

renains  to  be  calculated  are  the  flow  angle  and  position  of  point  c,  Jhese  may  be 


obtained  from  the  following  equations: 


Jc  *  *b  “  ve  +  ftb  “  JPSLSl. 
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In  the  inviscid  flow  considered  here  a  line  of  constant  entropy  is  a  streamline 
and  also  a  line  of  constant  total  pressure.  If  the  entropy  of  the  free  stream  is 


assigned  the  value  of  zero  ahead  of  the  expansion  where  the  total  pressure  is  P 


o»’ 


then  at  any  point  c  in  the  flew  the  total  pressure  is 


*«o" 


The  local  static  pressure  may  then  be  computed  from 


p  S  p 


jfH  -i 
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The  initial  conditions  required  to  start  tl«e  solution  ye  re  obtained  frm  ex¬ 
perimentally  measured  pitot  readings  and  an  assumed  pressure  distribution  at  the 
separation  station*  Solutions  obtained  for  several  different  static  pressure 
distributions  showed  widely  varying  results,  indicating  the  importance  of  the  pres¬ 
sure  variation  at  separation*  The  pressure  distribution  which  gave  results  very 
close  to  those  actually  measured  was  obtained  as  follows: 

(a)  The  surface  pressure  at  separation  (the  x  *  0  station)  was  obtained  from, 
a  linear  extrapolation  of  nearby  measured  surface  pressures.  (This  value  was 
approximately  87%  of  free  stream  pressure). 

(b)  The  pressure  at  the  x  *  0  station  was  assumed  to  vary  linearly  from  the 
above  surface  pressure  to  free  stream  pressure  at  the  point  where  the  pitot  probe 
read  essentially  its  free  stream  value.  Above  this  point  the  pressure  was  of  course 
assumed  constant  at  the  free  stream  value,  The  Mach  number  distribution  at  x  »  0, 
as  determined  from  the  experimental  pitot  readings  and  above  pressure  distribu¬ 
tion,  is  seen  in  Figure  26  to  be  a  simple  linear  function  of  y.  Since  the  method  of 
characteristics  may  not  be  applied  to  steady  subsonic  flow  the  mass  of  fluid  below 
the  ■  l  streamline  was  neglected  in  this  computation  and  the  expanded  *  1 
streamline  was  considered  to  be  the  edge  of  the  free  shear  layer  at  the  constant 
base  pressure.  Furthermore,  since  the  exact  shape  of  the  ■  1  streamline  through 
the  expansion  is  unknown  it  was  assumed  that  this  streamline  instantaneously  passed 
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from  its  upstream  zero  deflection  angle  at  x  «  0  to  the  deflection  angle  given  by  a 
Prandtl-i'teyer  expansion  to  case  pressure.  Ute  cc xnp,-‘  it  ion  of  this  expansion  was 
carried  cait  on  an  IBM  709;f  conputer  and  the  results  are  presented  in  Figures  27,  28 
and  29,* 

Figure  27  shows  the  characteristics  networks  resulting  from  this  computation. 

Hie  coalescing  of  the  compression  waves,  which  are  reflections  of  expansion  waves 
off  the  constant  pressure  shear  layer  boundary,  into  the  lip  shock  is  clearly 
evident.  Experimentally,  no  evidence  of  the  lip  sisock  was  found  at  x  =  0.2.  Hie 
experimentally  measured  positions  of  the  lip  shock  at  x  *  0.J4  and  x  =  0,6  are  shown 
in  this  figure.  It  is  seen  that  the  calculated  position  matches  the  measured  posi¬ 
tions  very  well.  An  examination  of  the  pressures  print ad  out  by  the  computer  stows 
a  very  slight  Increase  in  pressure  at  the  leading  edge  of  the  expansion.  Apparently 
this  increase  in  pressure  becomes  more  pronounced  with  increasing  Reynolds  number 
(reflected  in  tliese  computations  as  a  change  in  the  initial  ISach  number  and  pressure 
distributions)  resulting  in  the  secondary  lip  shock  at  the  beginning  of  the  expansion 
which  wa3  mentioned  above. 

Figure  23  shows  computed  lines  of  constant  pies sure.  Comparison  of  this  figure 
with  Figure  2A,  tto  experimentally  determined  lines  of  constant  pressure,  shows  good 
agreement  for  all  values  except  the  P  *  0.391  line.  However,  the  conputed  constant 
pressure  lines  do  not  show  the  tendency  toward  warping  which  the  experimentally  de¬ 
termined  constant  pressure  lines  show.  An  explanation  for  this  warping  is  not  avail¬ 
able  at  the  present  time.  Notice  that  the  low  pressure  region,  as  evidenced  by  the 

*  While  performing  this  analysis  the  author  became  aware  of  a  similar  treatment  of 
the  corner  expansion  by  Weiss  and  Weinbaure  (26). 
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P  -  G.06i|  line  (and  consequently  the  overexpansion  and  the  recorpression  lip  shock) 
does  not  originate  at  a  solid  boundary,  but  rather  originates  within  the  flow  in 
order  to  satisfy  the  imposed  boundary  conditions.  The  lower  P  =  0.092  line  is  the 
lower  edge  of  the  shear  layer  at  the  constant  base  pressure. 

Figure  29  aiiows  sortie  typical  streamlines  as  they  pass  through  the  expansion  and 
reconpre3Sion  region  into  tie  constant  base  pressure  region.  The  location  of  the 
lip  shock  In  this  figure  was  determined  from  Figure  dj,  .Notice  that  all  streamlines 
which  pass  beneath  the  lip  shock  (not  through  it)  are  first  convex  upward,  then  con¬ 
cave  upward  (in  the  case  of  the  edge  streamline,  tire  convex  position  has  been  con¬ 
tracted  to  a  single  point)  while  those  which  pass  through  the  lip  shock  are  convex 
upward  above  it  and  approximately  straight  below  it.* 

(B)  Constant  Base  Pressure  Region: 

A  region  of  essentially  constant  base  pressure  exists  Immediately  behind  the 
step  riser.  Although  a  pressure  gradient  has  been  seen  to  exist  in  the  region  of 
constant  pitot  reading  downstream  of  the  lip  shock,  in  most  instances  this  gradient 
is  small.  Tills  essentially  constant  base  pressure  region  is  bounded  by  the  model 
surfaces,  the  lip  shock  and  the  beginning  of  the  pressure  rise  associated  with  the 
turning  of  the  flow  parallel  to  the  downstream  surface  (the  origin  of  the  reattach¬ 
ment  shock).  As  seen  In  Figure  19,  the  free  shear  layer  and  the  recirculating  cavity 
flow  beneath  it  are  both  included  in  this  region. 

(C)  Free  Shear  layer: 

The  free  shear  layer  lies  within  the  region  of  constant  base  pressure  and  con¬ 
sists  of  two  parts,  the  outer  driving  portion  and  the  inner  driven  portion  which  are 
separated  by  the  "dividing  stream  line".  All  of  the  fluid  which  canes  over  the  step 

*  A  slight  error  is  involved  in  these  calculations  in  the  vicinity  of  the  lip  shock. 
No  provision  has  been  made  for  an  increase  in  entropy  with  the  result  that  the  cal¬ 
culations  sIjow  rec expression  beginning  ahead  of  the  shock  and  continuing  beyond  the 
shock. 
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remains  above  the  dividing  stream  line  and  continues  downstream  while  the  fluid 
which  cakes  up  the  driven  portion  is  a  part  of  the  low  velocity  recirculating  vortex 
flaw  in  the  cavity.  This  Interpretation  of  the  shear  layer  requires  that  the  velo¬ 
city  profiles  contain  a  point  of  inflection  on  the  dividing  stream  line,  with  the 
driving  profiles  concave  upward  and  the  driven  profiles  convex  upward.  Probing  of 
the  free  shear  layer  with  the  pitot  probe  shows  the  upper  portion  of  the  velocity 
profiles  to  be  concave  upward,  but  the  velocity  on  the  lower  side  of  the  shear  layer 
falls  off  so  rapidly  that  it  is  not  possible  to  determine  the  location  of  the  point 
of  inflection.  As  mentioned  above,  experimental  evidence  obtained  at  reattachment 
shews  the  velocity  of  the  dividing  stream  line  to  be  subsonic  at  a  Mach  number  of 
0.6  to  0.8.  Any  successful  theoretical  analysis  of  the  free  shear  layer  must  treat 
it  as  a  constant  pressure  viscous  free  shear  layer  with  starting  profiles  obtained 
from  a  consideration  of  the  flew  emerging  from  the  corner  expansion  and  lip  shock 
region. 

(D)  Recirculating  Cavity  Flow: 

As  seen  in  Figure  19,  the  recirculating  cavity  flow  is  at  essentially  constant 
base  pressure,  except  for  a  small  portion  at  reattnehnent.  Attenpts  to  experiment¬ 
ally  measure  the  flaw  characteristics  in  this  region  met  with  little  success. 

Probing  with  the  pitot  probe,  the  direction  sensing  probe  and  the  crossed  hot-wire 
probe  yielded  no  conclusive  information.  Surface  oil  flow  studies  and  yam  tufts 
attached  to  the  model  surface  gave  no  indication  of  surface  flow  conditions  in  this 
region.  All  indications  are  that  the  flow  in  the  cavity  is  a  very  low  energy  flow. 

It  Is  a  separate  flow  from  the  external  flow,  coupled  to  it  and  driven  by  shear 
forces  acting  along  the  dividing  stream  line.  Since  the  flow  'velocity  is  so  low,  the 
total  pressure  of  this  flow  is  essentially  equal  to  base  pressure.  The  measured  total 
temperature  was  essentially  constant  throughout  the  region  at  a  value  approximately 
half  way  between  free  stream  total  tenperature  and  the  cooled  model  surface 
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tenperature,  In  some  oases  indications  were  ttiat  this  recirculating  flow  is  made 
up  of  two  vortices  as  shown  in  Figure  IS. 

(E)  fieatfcacftcBnt  Region: 

In  trie  reattacbment  region  the  pressure  on  the  model  surface  rises  from  the 
constant  base  pressure  (P^)  to  the  constant  reattachraent  pressure  (?r).  In  this 
process  coirpression  waves  travel  from  the  surface  fchrou^i  the  reattaching  a!«ar  layer 
into  the  "invlscid"  flow  above.  Most  of  the  reattaching  stiear  layer  is  supersonic 
and  these  waves  emerge  from  the  top  of  the  shear  layer  at  the  local  Mich  angle  re¬ 
lative  to  the  flow.  As  the  flow  streamlines  cross  these  compression  waves,  they  are 
deflected  and  slowed  down  so  that  succeeding  compression  waves  coalesce  and  fora  the 
beginning  of  the  reattachment  shock  as  3hown  in  Figure  19.  Close  examination  of 
Figures  9a  through  9i  shews  that  for  the  high  Reynolds  numbera  runs  of  this  investi¬ 
gation  tte  pressure  rise  is  steep  and  the  reattachment  shock  appears  to  be  a  contin¬ 
uation  of  the  top  of  the  shear  layer.  For  the  low  Reynolds  number  cases  the  pressure 
rise  is  more  gradual  viith  a  slower  coalescing  of  the  pressure  waves  into  the  re- 
attachment  shock.  In  this  case  the  reattachment  shock  becomes  visible  in  the  sbado- 
graph  only  at  a  considerable  distance  above  the  top  of  the  shear  layer.  Pitot  pres¬ 
sure  probings  of  this  region  also  indicate  this  type  of  flow  structure.  As  compres¬ 
sion  continues,  the  reattachment  shock  becomes  stronger,  swings  around  and  extends 
into  the  invlscid  flow  intersecting  the  lip  shock  and  tte  comer  expansion  fan.  In 
passing  through  the  reattac brent  shock,  the  expanded  flow  is  turned  parallel  to  the 
reattachment  surface.  The  reattachment  shock  continually  varies  in  strength  along 
its  length  since  each  streamline  approaching  it  in  the  expansion  is  at  a  different 
flow  angle  and  Mach  number. 

Examination  of  the  heat  transfer  distributions  of  Figures  9a  through  9i  shows 
that  the  heat  transfer  increases  from  the  low  cavity  value  at  the  starvation  line  to 
a  maximum  value  in  the  neighborhood  of  the  neck  of  the  reattaching  shear  layer  where 
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the  pressure  is  essentially  constant,  Ms  is  in  opposition  to  the  usual  condition 
at  a  stagnation  point  where  the  heat  transfer  is  a  mximm  at  stagnation  and  de¬ 
creases  from  the  value.  An  explanation  for  this  heat  transfer  distribution  is  not 
available  at  the  present  tins. 

rihe  c oppression  and  turning  of  the  reattaching  siiear  layer  is  believed  to  be 
nearly  isentrcpic  (snail  heat  transfer  and  no  shocks)  with  the  reattacraaant  shock 
being  formed  above  it  by  the  coalescing  of  compression  waves  originating  in  the  re¬ 
attaching  shear  layer.  It  is  believed  that  this  region  may  be  handled  as  an  in- 
viscid  rotational  compression  in  a  manner  similar  to  that  used  in  the  corner  ex¬ 
pansion,  since  in  this  region  also  the  viscous  forces  will  be  of  much  smaller  mag¬ 
nitude  than  the  pressure  forces. 

(F)  Constant  Pressure  Reattached  Plow  Region: 

Downstream  of  the  reattachment  region  and  the  reattachnent  shock  the  flow  is 
parallel  to  the  model  surface  and  the  pressure  ±3  essentially  constant  at  seme  value 
less  than  free  stream  pressure.  Other  investigators  have  found  similar  results  for 
two-dimensional  models,  however,  investigators  using  axi-symretric  models  have  found 
reattachment  pressures,  to  be  higter  than  free  stream  pressure. 

Figure  30  shows  a  typical  pressure  distribution  downstream  of  separation  and  the 
averaging  process  used  to  determine  a  mean  constant  reattachnent  pressure  (Pr)  from 
the  experimental  data.  Figure  31  shows  a  plot  of  the  reconpression  ratio  (Pp/P.) 
vs,  Re^  for  *  2.5  while  Figure  32  shows  the  same  plot  for  ■  3.5  and  5.0.  Ihe 
rec depression  pressure  for  the  low  Reynolds  number  *  5,0  test3  could  not  be  deter¬ 
mined  because  the  pressure  did  not  reach  a  constant  value  within  the  length  of  the 
instrumented  reattachnent  surface  of  the  model.  For  the  “  3.5  and  5.0  data  a 
good  linear  correlation  is  evident ,  while  for  the  »  2.5  data  the  ratio  appears  to 
approach  a  constant  value  at  the  higher  Reynolds  numbers.  Examination  of  Figures 
31  and  32  shows  that  for  each  Mach  number  a  critical  Reynolds  number  /exists  where  the 
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I’ec oppression  ratio  is  a  maximum  value,  'The  significance  of  this  critical  Reynolds 
maker  is  not  yet  clear,  however,  it  appears  that  Its  value  increases  with  Increasing 
Mach  number. 

The  flow  downstream  of  the  reattachment  shock  is  a  parallel  rotational  type 
flow  because  each  streamline  of  the  expansion  fan  approaches  the  shock  at  a  different 
flow  angle  and  a  different  Mach  marker  and  each  Is  turned  through  a  different  angle. 
There  is  thus  a  variation  in  total  pressure  across  the  constant  pressure  flow.  This 
is  evident  in  Figure  33  where  the  total  pressure  distribution  between  the  model  sur¬ 
face  and  the  reattachraent  shock  is  sisown  for  three  probe  positions  of  the  flew  shown 
in  Figure  22.  These  total  pressure  distributions  were  obtained  from  pitot  probe 
readings  and  the  assumption  of  constant  pressure  at  each  station.  These  probings 
also  show  the  presence  of  the  slip  line  which  originates  at  the  intersection  of  the 
lip  shock  and  the  reattachmenfc  shock.  A  slip  line  of  this  type  is  most  clearly 
visible  in  the  ahadograph  photograph  of  Figure  9b. 
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vrn.  ccccmsioas 


Bsasdnatlon  of  the  results  of  this  investigation  along  with  the  results  of 
other  investigators  leads  to  the  following  conclusions: 

(1)  For  the  case  where  a  laminar  approach  boundary  layer  is  present  and  the 
flow  Is  laminar  throughout ,  the  base  pressure  is  a  rather  strong  function  of  step 
height  and  is  considerably  higner  than  the  value  predicted  by  the  Chapman  theory. 

(2)  When  the  approach  boundary  layer  is  turbulent  and  the  flow  is  turbulent 
throughout  Korst's  theory  may  be  used  to  predict  base  pressure. 

(3)  The  flow  in  the  cavity  beneath  the  free  shear  layer  is  an  extremely  low 
energy  flow  with  small  heat  transfers.  The  maximum  heat  transfer  occurs  somewhat 
downstream  of  the  stagnation  line  at  the  neck  of  the  reattaching  shear  layer.  When 
large  values  of  heat  transfer  are  obtained  there  they  appear  to  be  due  to  transition 
to  turbulence  in  the  reattaching  shear  layer, 

(4)  For  the  transitional  type  of  flows  of  this  investigation  the  Reynolds 
number  based  on  step  height  (Reh)  is  an  important  parameter.  Both  the  base  pressure 
and  the  maximum  heat  transfer  may  be  predicted  aa  a  function  of  this  parameter. 

(5)  For  the  body  shapes  of  this  investigation  (rearward  facing  step  and  over¬ 
hang)  and  those  investigated  by  Hastings  (14)  (undercut  rearward  facing  step)  the 
development  of  the  flow  downstream  of  separation  is  independent  of  the  shape  of  the 
vertical  riser. 

(6)  The  Mach  number  of  the  dividing  streamline  at  reattachment  is  subscnic  and 
of  the  order  of  M  *  0.6  to  0,8. 

(7)  The  rapj  comer  expansion  and  the  appearance  of  the  lip  shock  may  be  ac¬ 
curately  described  by  the  method  of  invlsiid  rotational  characteristics  if  the  cor¬ 
rect  starting  conditions  are  used. 

(8)  The  reattachment  pressure  ratio  Is  always  less  than  unity  for  the  two- 
dimensional  case  and  has  a  maximum  value  at  sore  critical  Reynolds  number  which  if  a 
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function  of  ffech  mater. 


(9)  The  flow  downstream  of  reattachmenfc  is  a  parallel  rotational  type  flow. 


IX.  RSCC?Tffi^TICKS  PCR  FUTURE  WORK 


A  continuation  of  the  experimentation  ami  analysis  described  in  this  report  is 
required  before  a  complete  understanding  of  the  complicated  flow  field  under  in¬ 
vestigation  is  obtained,  research  which  would  a  sen  to  be  fruitful  at  the  present 
time  is  the  following: 

(1)  Extension  of  the  present  investigation  to  both  higher  ami  lower  Reynolds 
numbers.  Extension  to  lower  Reynolds  numbers  should  be  done  to  verify  that  the 
base  pressure  becomes  constant  and  independent  of  Reynolds  number  and  that  the 
maximum  heat  transfer  falls  off  as  predicted.  The  experiments  should  be  extended  to 
hi^ier  Reynolds  nurbers  to  determine  how  the  base  pressure  varies  with  Reynolds 
number  and  to  verify  that  the  base  pressure  again  becomes  constant  and  independent 
of  Reynolds  number  at  the  higher  Reynolds  numbers  as  predicted  by  Korst. 

(2)  The  shock  equations  should  be  incorporated  into  the  procedure  used  to 
calculate  the  rapid  corner  expansion  so  that  property  changes  across  the  lip  shock 
may  be  accounted  for. 

(3)  Further  experimental  and  analytical  investigation  of  the  free  shear  layer, 
the  low  energy  cavity  flow,  the  reattacixnent  region  and  the  flow  downstream  of  re¬ 
attachment  is  necessary, 

(4)  Additional  checks  of  heat  transfer  measured  in  a  shock  tube  vs.  that 
measured  in  a  wind  tunnel  are  necessary  to  determine  the  validity  of  the  shock  tube 
heat  transfer  measurements, 
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Tkble  II  -  Tunnel  Conditions 
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Table  III  -  Pitot  Probe  Survey  Conditions 
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191  TO 


TRANSFER  GAUGE  DETAILS 


a  750 


COMBINATION  THERMOCOUPLE  PITOT  PROBE  DETAILS 


a.  Sida  Via* 


b.  0* toll  of  Hot  Wira  Support  Naadlaa 

Fig.  6  CROSSED  HOT  WIRE  PROBE 
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MACH  NUMBER 


FLUX  DISTRIBUTION  FOR 
33  PSIA. 


X  (INCHES) 

SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h- 0.443  M©  *  2.5  R>*I8.5  PSIA. 


X  (INCHES) 

Fig.  9c  SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  *  0.443  M.  *  2.5  Po  *  4.5  PSIA. 


X  {  INCHES) 

SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  *  0.443  M*  *  3.5  Po*54.5  PS1A. 


X  (INCHES) 

SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  *  0.443  M.  *  3.5  R>  =31.5  PSIA. 


X  (INCHES) 

SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  *0.443  M-  *3.5  Po  *  7.5  PSIA. 
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Flfl.  9g  SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  =  0.443  M®  »  5  0  Po  *  150  PS1A. 
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Fig.  9h  SHADOGRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  *  0.443  M-  -  5.0  P0  *  84  PSIA. 
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Fig.  9 i  SHADO GRAPH,  PRESSURE  AND  HEAT  FLUX  DISTRIBUTION  FOR 
h  «  0.443  5.0  Po  *  28  PSIA. 


0.443  «N, 
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Fig.  10c  BASE  PRESSURE  RATIO  Vs.  Ret.  FOR  M 


FULLY  I  TRANSITION  IN  TRANSITION  TRANSITION 


tc 


CM 


O 


f- 


\ 


Rt^x  I0"a 

Fig.  12  BASE  PRESSURE  RATIO  VS.  R*h 


Fig.  13  TURBULENT  BASE  PRESSURE  RATIO  FROM 
KORST  THEORY 
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RATIO  OF  MAXIMUM  HEAT  FLUX  AT  REATTACHMENT 
TO  HEAT  FLUX  AT  SEPARATION  VS.  Reh. 
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Fig.  17  PHOTOGRAPHS  OF  YARN  STRAND  ORIENTATION 
AT  MAXIMUM  REYNOLD^  NUMBER  h*0.75  IN. 
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Fig.  22  FLOW  FIELD  DOWNSTREAM  OF  STEP 
h  «0.750  Mb«3.5  p0»54.5  pslo 


Fig.  25  VARIATION  OF  PROPERTIES  ACROSS  AN  OBLIQUE 
SHOCK  WITH  CONSTANT  TOTAL  PRESSURE 
UPSTREAM  AND  CONSTANT  PITOT  READING 
DOWNSTREAM. 


74 


KS  Ww»-_ .  • 


.26  INITIAL  MACH  NUMBER  PROFILE  h*  0.750 
M««3.5  po*3l.8  psia 


I  MEASURED  SHOCK  POSITION 


NETWORK  OF  CHARACTERISTICS  FOR  CORNER  EXPANSION 
h«0.750  M»  -3.5  p«,»3l.8  psia 
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Fig.  29  STREAMLINES  PASSING  THROUGH  CORNER  EXPANSION  h  -0.750 
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Fig.  30  PRESSURE  DISTRIBUTION  ON  MODEL 

h  »  0.443  M.»  2.5  P*  *  II  2  PSIA. 
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Fig.  32  RECOVERY  PRESSURE  RATIO  VS.  R#h 
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Fig.  33  TOTAL  PRESSURE  DISTRIBUTION  DOWNSTREAM  OF  REATTACHMENT 

h  *  0.750  M*«  3.5  P.  *  54.5  PSIA 
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!*  •  ii-5 *  An  experimental  investigation  of  the  flow  field,  and  the  model  pressure 
and  steady-state  heat  transfer  distributions  for  a  rearward-facing  step  in  super¬ 
sonic  flow  is  described.  Tests  were  conducted  using  a  water-cooled  model  with 
a  step  height  adjustable  to  0. 443  and  0.  750  inches  at  free  stream  Mach  numbers 
of  2.  5,  3.  5,  and  5,  0,  tod  at  Reynolds  numbers  based  on  length  of  surface  ahead 
of  separation  of  approximately  2.  5  x  10*  to  1. 8  x  10°.  ft  was  found  that  the 
Reynolds  number  based  on  step  height  (Re^)  is  an  important  parameter  and  that 
both  the  base  pressure  and  the  maximum  heat  transfer  at  reattachment  may  be 
predicted  as  a  function  of  this  parameter. 


Several  representative  flow  fields  are  presented  along  with  analyses  of  the 
various  regions  of  these  fields.  It  was  found  that  the  depressed  base  pressure 
is  communicated  upstream  of  the  step  through  the  subsonic  portion  of  the  attached 
boundary  layer  resulting  in  a  pressure  gradient  immediately  upstream  of  the  step. 
It  is  shown  that  the  rapid  corner  expansion  is  not  the  commonly  used  Prtodtl- 
Meyer  expansion,  but  rather  is  accurately  described  by  the  method  of  inviscid 
rotational  characteristics  which  accounts  for  both  the  entropy  gradient  in  the 
boundary  layer  and  the  pressure  gradient  upstream  of  the  step.  This  description 
of  the  corner  expansion  also  accurately  predicts  the  position  of  the  lip  shock 
associated  with  the  rapid  expansion. 
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